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CHAPTER 14

SHIP SERVICE GENERATORS (AC)

INTRODUCTION

All generators change mechanical energy into
electrical energy. This is the easiest way to transfer
power over distances. Fuel is used to operate the
diesel or prime mover. The fuel is converted into
energy to turn the generator. The generator’s move-
ment, magnetic field, and associated wiring change
this mechanical energy into electrical energy. Wires
and cables deliver this power to the electrical loads.
The motor is designed to change electrical energy
back into mechanical energy to do work.

describes the rectified AC gener-
ator which produced a DC output to operate small
DC electrical systems. This chapter describes the
three-phase AC brushless generator which delivers
three-phase AC to the ship’s main electrical distribu-
tion system. Most of the large generators used to
provide AC to ships’ electrical systems are of the
brushless type. The brushless generator eliminates
the weak link (brushes and slip rings) in the generat-
ing system and reduces the maintenance required.
There are revolving field and revolving armature
brush and slip ring generators in use today. How-
ever, brushless AC generators are used exclusively as
the Army’s ship service power source.

BRUSHLESS ALTERNATING CURRENT
GENERATOR CONSTRUCTION

illustrates the brushless generator.
The main frame or housing (7) is a strong metallic
structure surrounding and retaining the stationary
windings (6). The main frame is, in turn, supported
by mounts. These mounts are not rigid. Rubber
composition or springs are incorporated into the
mounts as shock absorbers called resilient mounts.

One end of the generator main frame is bolted
to the prime mover’s flywheel housing. The other
end of the generator main frame is bolted to the bell
end or end frame (12). The bell end contains a
bearing (17) that supports the internal rotor shaft.

The other end of the rotor shaft connects to a
flexible drive disc (29) and fan (15) assembly. The
drive disc assembly, in turn, is bolted to the flywheel
of the prime mover. When the prime mover turns,
the drive disc turns, and the fan pulls cooling air into
the housing to dissipate heat created in the generator
windings.

The fan can disturb high bilge water and pass
particulate of oil over the windings. When oil-
covered windings become incapable of transferring
sufficient heat to the air stream, the winding insula-
tion becomes damaged. It is imperative that low
bilge levels be maintained, and the diesel air box
ventilation exhausts away from the fan’s air flow.

Generator Windings

There are four different sets of windings in
the brushless generator . Two windings
#6 and 10) are connected to the generator main
rame, and two windings (8 and 9) are fitted to the
rotor shaft. There are no direct mechanical electrical
connections between the rotating and stationary
windings of the generator.

Winding Contamination

Inspect the stationary and rotating winding
ﬁeriodically for cleanliness. The chief engineer or
Is appointed representative will supervise inter-
nal inspection of the ship service generator. Never
inspect internal generator components while the
prime mover is operating or the ?enerator IS con-
nected to the switchboard bus. Always secure the
prime mover fully and ensure other power sources,
such as the emergency generator or shore power,
cannot feed the generator being serviced.

Textbook maintenance practices call for
removal of dirt by vacuuming and removal of grease
and oil throu?h Wipin% with lint-free rags. These
methods rarely serve the purpose intended. Con-
tamination prevention is the key. Inspect the genera-
tor prime mover for gasket and seal leaks. Check
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also adjacent piping and deck plates for liquids and
particles. Once the windings become contaminated,
there is no thorough and safe method to clean the
generator windings on board the vessel. The only
effective recourse requires the removal of the genera-
tor, its comﬁlete disassembly, chemical cleaning, and
baking by the DS/GS maintenance activity.

When contamination is found, use the megger
to check the insulation values. Always disconnect the
rotating rectifier, voltage regulator, and any other
components that house semiconductors. Compare
readings with the appropriate technical manual, with
other known good generator readings, or against
megger historical documentation.

Exciter Field

The exciter field is a stationary DC energized
winding. This is the winding where the DC magnetic
field is initiallﬁ developed. Even before any volta?e
regulation takes place, a residual magnetic field
exists in the poles. During voltage regulation, DC
in the exciter field induces an EMF and resulting
current flow in the exciter armature. This winding
can be found mounted toward the bell end section
of the generator.

Exciter Armature

The exciter armature is a three-conductor,
three-phase rotating winding. The exciter armature
is located directly inside the exciter stator. A three-
phase EMF is induced in the exciter armature as it
][_otlzates inside the fixed magnetic field of the exciter
jeld.

Together, the exciter field and exciter armature
develop a three-phase AC. In effect, this is a rotating
armature generator. This portion of the generator IS
used to provide the excitation necessary for the main
field portion. The exciter field and armature operate
in the same manner described in Cha}iter 1§. The
exciter portion is the generator that develops the
power necessary to develop the magnetic field in the
main generator portion. Since current is induced
into the armature without the aid of wires, brushes
and slip rings are eliminated.

Rotating Rectifier

The output developed from the exciter portion
of the generator is AC. To produce the enhanced
three-phase output from the main armature of the
generator (necessary for the large power require-
ments of the distribution system), the main field must
be provided a direct current source. To change (or
rectify) the exciter portion output from AC to DC,
the rotating rectifier is used. The rotating rectifier
provides the same conversion of AC to DC as the

diode combination discussed in|Chapter 13 for the

belt-driven alternator.

Main Rotating Field

The main rotating field (8 in[Figure 14-2) can
consist of four to eight individual coils or pole pieces
keyed to the rotor shaft. The coils are connected in
series and consist of only one wire. The direction that
the wire is wound around the pole piece determines
the magnitude polarity of each individual field coil.
Rectified DC, from the rotating rectifier (11),
develops the revolving magnetic field inside the main

FIGURE 14-1. AC Brushless Generator.
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FIGURE 14-2(A). Generator Components.

field generator portion providing alternate fixed field
polarities.

Amortisseur or Damper Winding

Embedded in the face of each main field ﬁole
piece is the Amortisseur or damper windings. These
are necessary for generators that operate in parallel.
These become very important when dealing with
frequency. The frequency of an AC generator must
not change. These damper windings prevent hunt-
ing during parallel operation. Damper windings
are copper or aluminum conductors embedded
just below the surface of the rotor. They are

short-circuited at each end to allow currents to
circulate so that a magnetic field can be produced to
oppose any change in prime mover motion.

Main Armature

The main armature (6 in Figure 14-2 view B} is
bolted to the inside of the main frame. There are
three windings, each of which are spaced 120
mechanical and electrical degrees apart. They may
be connected in either wye or delta configurations as
required for the application. The main armature
windings are connected directly to the electrical sys-
tem through the switchboard.
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FIGURE 14-2(B). Generator Components.

BRUSHLESS ALTERNATING CURRENT
GENERATOR OPERATION

The brushes and slip rings used by many small
generators become intense maintenance problems.
This area is extremely prone to contamination. As
the brush slides over the slip ring, a certain amount
of arcing may take [)Iace. To eliminate brushes, two
%fznera_tqrs are coupled together in a single housing.

rectified rotating nerator, similar to
the one discussed in|Chapter 13, provides a direct
current source for the rotating field of the main
generator. Putting these two generators together
eliminates the need for any physical mechanical con-
nection between the moving and the stationary parts
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of the generator. [Figure 14-4 s a pictorial diagram
of the electrical circuits in the generic brushless AC

generator.

Generator Residual Magnetism

Residual magnetism exists in all ferrous metal
that has had a current carried around it. In many
generators, there is not enough material to provide a
substantial residual magnetic field to use in creating
an EMF. The ship service generator has a lot of
metal. The material mass maintains enough of a
residual magnetic field in the exciter field to induce
an EMF in the exciter armature when there is motion.
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Outline of Operation

The following is a basic outline of the brushless
generator operation:

e The prime mover starts. The prime
mover crankshaft revolves, and the gen-
erator shaft is moving. This turns the
exciter armature, the main field, and the
rotating rectifier.

e The exciter initiates an EMF. The rotating
exciter armature cuts the residual maq-
netic field left over in the exciter field pole
pieces. A small EMF is induced in the
wye-wound rotating exciter armature
windings. The exciter portion of the
machine operates as a revolving armature
generator.

e Exciter AC is rectified to DC. The small
exciter three-phase AC is directed to the
rotating rectifier. The diodes rectify the
AC to a pulsating DC. Five wires are
connected to the rotating rectifier.
Three wires are from the three-phase
exciter armature, and two wires direct the
DC output to the main field winding.

e The main field induces an EMF into the
main armature. Direct current enters the
rotatin% main field. As the rotor shaft
turns the main field, the alternating
polarities induce an EMF of alternating
potentials in the main armature windings,

e Three-phase AC is produced from the
main armature. The main armature has
three windings producin%]three-phase AC.
The main portion of the generator is
operating as a revolving field generator.
Initially, only a small three-phase EMF is
produced.

e Voltage control takes over. The voltage
regulator senses an undervoltage condi-
tion and diverts the current flow back to
the stationary exciter field. In this case, the
CF exciter field winding is used for the
initial voltage buildup and some short-
circuited conditions. The current flow
through the exciter field winding increases
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its magnetic field. The exciter armature
conductors now cut through a greater
magnetic field, and the induced EMF in
the exciter armature is increased.

e The process is repeated until satisfactory
voltage is achieved. The increased exciter
armature current is rectified by the rotat-
ing rectifier and directed again to the
rotating main field. The increased mag-
netic field, of the rotating main field,
sweeps past the conductors in the station-
ary main armature. This produces a
greater three-phase EMF. Normal volt-
age control is maintained by the re%ulator
controlling current to the exciter field.

Permanent Magnet Generator (PMG)

Newer Army generators employ six separate
windings. The additional two windings are identi-
cal in operation to any pair of field and armature
windings described above. These extra windings
provide external excitation for the generator in the
same way the four winding generator provided for
its own self-excitation.

On Cummins generators and some Caterpillar
generators, a permanent magnet ?enerator has been
added to the generator assembly. The maﬁnet IS
mounted on the rotor and is located inside the per-
manent magnet armature. When the generator is
running, the PMG magnet generates an EMF in the
PMG armature, providing current directly to the
automatic voltage regulator for control of the exciter
field. The permanent magnet provides definite volt-
age output on start-up and greater voltage control
under extreme load conditions.

GENERATOR VOLTAGE CONTROL
The voltage regulator (Figure 14-§) controls

the output of the generator by controlling the mag-
netic field in the stationary exciter field winding. The
voltage regulator senses the generator’s output volt-
age directly from the generator’s main armature
windings or indirectly through generator cable con-
nectlions within the swiltc board. Tt]]e hvol_tagle
regulator may monitor only a portion of the single
phgase (Figure 14-6) from thg mgin armature’s three-
phase or each phase directly from the switchboard.
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FIGURE 14-5. Voltage Regulator.
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The generator output voltage is controlled by
controlling the current in the exciter field windings.
Self-excited generators redirect part of their main
armature AC output to the voltage regulator. Inside
the voltage regulator, the armature AC is rectified to
DC. The voltage regulator applies the DC to the
exciter field to increase or decrease the magnetic
field. When the exciter field magnetic strength is
great, the generator’s output is improved. With a
decrease in the exciter field strength, the output of
the generator is reduced.

Separately excited generators sense the out-
put voltage in the same manner as self-excited
generators but derive the current for exciter field
control directly from a permanent magnet ?enera-
tor designed exclusively for that purpose. In each
case, changes in the magnetic exciter field strength
Is derived from DC supplied from the voltage
regulator.

FLASHING THE FIELD

Initially, self-excited ship service generators
may need to have the fields flashed to establish the
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residual magnetism necessary to start the exciter
induction process.

NOTE: Read the manufacturer’s
recommendations carefully. Damage
to the generator or voltage regulator
will result if proper procedures are
not correctly followed.

Generally, flashing the field is done by connect-
ing a hattery to the exciter field terminals. By allow-
ing directing current to flow through the exciter field
windings, a residual magnetic field is established.
The direct current source must be connected cor-
rectl?/. Failure to do so can damage the voltage
regulator semiconductors. Observe the field and
battery polari'gl. Ensure the connections are positive
to positive and negative to negative.

MAIN ARMATURE THREE-PHASE
CONNECTIONS

Brushless generators are usually 240- or 450-
volt three-phase AC machines. They are rated in
kVA at a specified power factor. Many generator
manufacturers produce a basic unit with a variety of
voltage and current possibilities.

The main armature consists of six individual
windincﬁs. Two windings, as a pair, are connected to
each other in series or parallel. Each armature wind-
ing pair is then connected to the other two armature
winding pairs to form the common wye or delta
combination. The actual connection between each
winding is completed outside of the generator’s
frame in the attached terminal connector box. In this
manner, the user can connect the individual armature
winding pairs in series or parallel and the pairs in the
delta or wye configuration. The configuration is
selected for the type of voltage and current require-
ments that best fit the application.

PHASES

Only a single-phase EMF (voltage) can be
induced (produced) in a single pair of the armature
windings. Since there are three such pairs of wind-
Ings, three separate single-phase EMF values are
induced. It is the development of each of the three
single-phase values that together produce the
three-phase output from the armature windings
(Figure 14-7).
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FIGURE 14-7. Three Individual Sine Waves
Overlapped in Time for Three-Phase AC.

Phases are often referred to in the following
manners:

e Three-phase: phase to phase to phase,
A-B-C.

e Single-phase high voltage: phase to phase,
A-B, B-C, A-C.

e Single-phase low voltage: phase to
neutral, A-N, B-N, or C-N.

Single-phase connections using the neutral are
the least common combination on commercial or
Army watercraft. The neutral connection is
eliminated on all Army watercraft ship service gen-
erators but retained on some three-phase delta-wye-
connected transformers.

Figure 14-8|illustrates the three-phase winding
combination of the wye-connected armature.




co
FIGURE 14-8. Wye-Connected Armature.

The three-phase condition is the culmination
of all the windings, A-B-C. This produces the highest
voltage and current for a given period of time in the
electrical system. The three-phase condition takes
advantage of three independent electrical circuits
almost simultaneously.[Figure 14-9shows how one
circuit (between the generator armature and the
motor stator windings) at a time is completed. Arma-
ture Windings A to B and the motor’s equivalent A

T1)to B (T

After 120 degrees of generator rotor rotation,
the B to C circuit starts in the same
manner as the A to B circuit; 240 rotor degrees
after the A ircuit started, the C to A circuit
Is starting|(view CJ. In effect, three single-phase
currents are delivered to three motor windings in
various amplitudes over the same period of time.

NOTE: For clarity, three different
periods of time are used to reflect a
current at a maximum amplitude in
one specific direction per completed
circuit. In reality, current is moving
in various amplitudes and directions
at any point in time as illustrated by
the three-phase sine wave.

A phase is the reoccurring electrical event, or
value, found between any combination of the genera-
tor’s armature terminals. In other words, a phase
is the voltage and current found between terminals

) windings complete one circuit
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AtoB,BtoC,Cto A_LAtoN.BtoN,CtoN, or
terminals A, B, and C|(Figure 14-10).

The electrical value found between any two
terminals is a single-phase event. The electrical value
found between three terminals is a three-phase event.
There cannot be a two-phase value derived from
these terminals. The single-phase circuit has an
electrical load between two of the generator ter-
minals. This is the only way to provide for the com-
plete circuit required for current flow. The armature
winding has the difference in potential required to
attract the electron back. For example, terminals A
and B complete one phase.

The three-phase circuit uses three such com-
Inations in yarying amplitudes at the same time
Figure 14-11}. Although each sine wave is usually
identified as A, B, or C, each sine wave is a combina-
tion of a completed circuit. A better representation
of the three-phase sine waves would identify each
wave as the circuit it completes, such as A-B, B-C, or
C-A. In this manner, it is easy to see the three single
phases, operating out of Phase by 120 electrical and
mechanical degrees. It also becomes apparent that
with the loss of anyone Windin? #A for example), only
one complete circuit phase is left. Without phase A,
there cannot be a completed circuit between A-B or
C-A. This leaves only B-C and a single-phase event.
This electrical three-phase malfunction is called
single phasing.

The following terms describe the operation of
the generator and the transformer:

e Phase to phase to phase. This is a three-
phase event using all the available voltage
and current values in the entire generator
armature over a period of time.

e Phase to phase. This is a single-phase
event, providing the total available voltage
and current value from two individual
phases. This is a high voltage single phase.
There is no difference in voltage between
phase-phase and phase-phase-phase
values in the same machine.

e Phase to neutral. This is a single-phase
event using any voltage and current that
can be induced into one armature winding
alcl)ne. This is a low voltage single-phase
value.
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FIGURE 14-10. The Wye-Connected Armature Winding.
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FIGURE 14-11. Loss of Phase A Produces Only
Single Phase.

WINDING COMBINATIONS

The generator main armature has six individual
windings g:igure 14-12). Two windings are for use in
each phase-to-neutral combination. Each of the two
leads from each winding may be brought out of the
armature to a connection box for connecting exter-
nally. How these windings are wired together will
determine the current and voltage characteristics of
the generator output terminals. Although this chaﬁ-
ter deals primarily with ship service operations, the
combinations of windings remain pertinent to trans-
formers and motors alike.

The neutral is used as a reference point when
dealing with the Army’s AC generators. Currently,
the neutral is isolated within the connector box and
left unconnected. However, it is necessary to under-
stand the neutral conductor and its effects on the
electrical system. The LSV uses the neutral lead
from delta-wye transformers. The transformer’s
primary side receives three conductors from the gen-
erator armature. The secondary side of the LSV
three-phase transformer uses the neutral terminal

FM 55-509-1

and Brovides four leads and an extra low voltage
capability. Whether windings are connected in an
armature, in a single three-phase transformer, or in
three single-phase transformers, the wye and delta
combinations all apply equally.

e |
4-§
4
wE 11
Y
Iy

2

]
3
1 6
FIGURE 14-12. Armature Winding Cables.

WYE-CONNECTED ARMATURE

Marine generators are almost exclusively wye-
connected. The wye is a series winding because any
completed circuit, A-B, B-C, or C-A, has only one
path for current to flow. The neutral (N) represents
the common connection point where one end of each
of the individual ﬂhase windings are connected. The
other end of the phase windings deliver power to the
electrical system as terminals: A, B, or C.

In the wye armature [Figure 14-13), the series
connection is the key to the voltage and current
output. If each phase winding can develop a specific
number of amperes and volts, then the generator’s
total output characteristics can be calculated. For
example, the phase winding A-N, B-N, or C-N can
develop an induced EMF at 260 volts with a maxi-
mum resulting current of 100 amperes.

Basic series circuit rules apply. In a series
circuit, amperage remains constant. Therefore, cur-
rent available to the electrical system from any phase-
to-phase combination, A-B, B-C, or C-A, is 100
amperes.

Line current = phase current = 100 amperes
Phase-to-phase (or line) voltage, as

described in the series circuit rules, is the sum of
the individual phase winding voltages. In this case,
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260 volts from A-N, for example, cannot be added to
260 volts from B-N because the same ma?netic flux
of the generator’s main field does not affect them
equally. The phase windings are displaced in time
and space by 120 degrees. Instead, a constant has
been developed through vector mathematics as
1.732. This figure will always hold true for basic
electrical needs. Figure 14-14 shows the connec-
tion between voltage in a series circuit and the
1.732 multiplication factor.

The total voltage in a series circuit equals the
sum of the voltages. However, Figure 14-14 shows
that the north magnetic polarity is influencing one
armature winding in its entirety. The second over-
lapping armature winding is being affected to a great
extent, but not fully. The third overlapping armature
winding is not affected at all by the north field pole
polarity. The magnetic influence of the single pole
cannot affect each physically displaced winding
equally. Think of the 1.732 multiplication factor as
the following:

Voltage total = one complete armature winding +
73 percent of the other armature winding

Et = 260 volts + (.73)(260 volts)
Et = 260 volts + 190 volts (approximate)
Et = 450 volts

STATIONARY ARMATURE
WINDAINGS
PHASE B
WINDING
PHASE A
WINDING

REVOLVING FIELD
WINDINGS

FIGURE 14-14. The Magnetic Field Affecting the

Armature Windings.

Laas T YV

NOTE: This is an oversimplification
of the entire electrical process. These
armature winding effects happen to
all three windings by two different
polarities constantly in various degrees
at any given time.

| LINE = | PHASE
A A
—t ®
@ = 100A
450V E LINE = 1.73x E PHASE
@ = 100A
450V
B
—®
= 100A
450V,
©
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FIGURE 14-13. WYE-Connected Winding Values.
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Multiplying the voltage by 1.732 gives the volt-
age supplied to the electrical system by phase A-B
(or B-C or C-A):
(Phase-to-neutral voltage) x

(260 volts) X (1.732)

(1.732) = line voltage
= 450 volts

Should an additional sin%e phase voltage
value be desired, the wye can be tapped at the
neutral connection. This provides the phase-to-
neutral voltage. In this case, A-N, B-N, or C-N
would provide another voltage value p053|b|I|ty of
260 volts (Figure 14-15).

: ®
v ELINE = E PHASE
B
1 ®
v
c
—©
i
N N N -®

FIGURE 14-15. Phase-to-Neutral Voltage.

DELTA-CONNECTED ARMATURE

The delta connects the windings in parallel
(Figure 14-16). The positive end of each winding is
connected to the neganve end of another winding.
The terminals are labeled A, B, and C.

The delta connection in Figure 14-17 shows
that a complete circuit between any phase provides
two paths for current to flow. For example, current
may leave armature terminal A, go through the motor
stator, and return to armature terminal B o complete
the A-B circuit). The current in the C-A and the B-C
phases are also affected by the rotor field in various
degrees. Notice that there is no single common con-
nection. All phases in the armature are connected
together in parallel during any single-phase complete
circuit. The parallel circuit rules, therefore, are the
key to understanding the delta connection.
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FIGURE 14-16. Delta-Connected Windings.

The same example values that were used with
the wye-connected windings are used for the delta.
Each phase winding can develop an induced EMF of
260 volts w um current value of
100 amperes|(Figure 14-18). The basic parallel rule
states that voltage remains constant. Therefore—

Line voltage = phase voltage = 260 volts

Line current is the sum of the individual cur-
rents developed in the generator. Since the magnetic
field of the rotor cannot affect all the phase windings

qually, the constant 1.732 must be used for the
calculations.

Line current = (phase current) x (1.732)

Line current = (100 amps) x (1.732)

Line current = 173 amperes
POWER CONSIDERATIONS

Both the wye- and the delta-wound generator
have approximately the same power capability. The
wye generator is the most favorable ?enerator for the
application. By using the higher voltage and lower
current (450 volts and 100 amperes), smaller
diameter conductors contacts, and circuit breakers
can be used in the electrical system. Dual voltage
motors will run cooler and last longer with the lower
current value.
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Figure 14-17. Delta Parallel Paths.
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6 7 VA
173A q> 173A
10
AN SAAANS B¢
H 8 5 2 260V
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FIGURE 14-18. Delta-Connected Armature.

The delta generator uses 260 volts at 173
amperes to provide the same power needs to the
electrical distribution system. Increased current
means increased heat. Heat is the element of
destruction to electrical components. The increase
in current requires increased cable, contactor, and
motor protective size. Any increase in size is an
increase in cost.

details some of the possible con-
figurations for wiring ship service generators. The
many options let the manufacturer keep costs low by
reducing the number of different generators that
must be built and stocked. This lets the consumer
determine what application of the generator best
serves him.
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WYE-DELTA VOLTAGES

When using identical windings, the high delta
is the same voltage as the low wye and half the voltage
of the high wye (Table 14-1). The parallel delta is half
the voltage of the high delta and low wye and one-
fourth the voltage of the high wye.

TABLE 14-1. Wye-Delta Voltages.

HIGH WYE 416 - 480 volts
LOWWYE 208 - 240 volts
HIGH DELTA 240 volts
PARALLEL DELTA

or LOWDELTA 120 volts




10 LEAD HIGH-LOW WYE 1600 Series LCU

HIGH WYE LOWWYE f1 )7

LL 7
380-480V

fidimhl
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Ten lead generators are dual voltage generators with six coils.
One end of the thres coils is connected together. There are 10
or 20 leads coming out of the generator.

CAUTION: Some generators have multiple, identically marked,
conductors for each lead. Connect all identically marked con-
ductors together when making connection to load.  L-N/L-L

Voltages: 60 Hz 240/416V through 277/480V

{High) M (High) 50 Hz 220/380V through 240/416V
190-240 Voltages: 60 Hz 120/208V through 139/240V
{Low) 50 Hz 110/190V through 120/208V
VOLTAGE CONNECT L1ji2fL3 NEUTRAL
L-N

480-416 WYE 1121 3 0
47| 58| 69
20N v s a 1.7 LX)
“"‘""’ I 240-208 WYE — = 112 4
(ngh) 39 | 4560 3 560
110-139v
(Low)
12 LEAD HIGH-LOW WYE
1 A Twelve lead generators are dual voltage generators with six coils
which don’t have the connection of the three inner coils. There are
T HIGH WYE LOWWYE 1 12 or 24 leads coming out of the generator.
cAUTiON o0me genuraturs navu muluple, |uenucauy man(uu,
i 10 4 conductors for each lead. Connect all identically marked con-
4 6 10 ductors together when making connection to load. L-N/L-L
LL 7
380-480V } 3 o 8 Voltages: 60Hz 240/416V through 277/480V
(High) 5\’“'4" (High) 50 Hz 220/380V through 240/416V
190-240V 9 Voltages: 60Hz 120/208V through 139/240V
(Low) 12310 c 2 g (Low) 50 Hz 110/190V through 120/208V
n VOLTAGE CONNECT L1|L2)L3 NEUTRAL
a . 4804 el 3 10-11-12
8 1]2 R
N 9 : N‘%“ 8 16 pr l 58 [ 69
1o 20277V w2 10-11-12f 1.7 [2-8 10-11-12
240-208 WYE 1112} 3
3 (High) 39 | 456 4-5-6
110-139v
(Low)
12 LEAD HIGH-LOW DELTA
A

HIGH DELTA 12 1 LOW DELTA

s f 71\

{High)

100-139V
{Low)

Deita Connection with 12 lead generators only.

Voltages: 60 Hz 120/240V through 138/277V

103 4 (High) 50 Hz 110/220V through 120/240V

Voltages: 60Hz 120V through 139V
{Low) 50 Hz 100V through 120V

1 l 5
i00-139v
(High only)

VOLTAGE CONNECT L1jL2js
4-7 5-8 6-9
240 DELTA 1 21 3
1-12 2-10 311
1-7-6-12
120 DELTA 2-8-4-10 " 213
3-9-5-11

FIGURE 14-19. Various Armature Configurations.
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12 LEAD ZIG-ZAG

ZIG-ZAG connection with 12 lead machine only.

Voltages: 60 Hz 120/240V single phase.

VOLTAGE |CONNECT] L1 L2
240 SINGLE 291 28

PHASE 1-6-7-12 28 39
4-10-5-11

FIGURE 14-19. Various Armature Configurations (Continued).

GENERATOR PHASE BALANCE

The ship’s distribution system has been
specifically designed with certain conditions in mind.
Your specific involvement with the actual design is
unlikely. However, the marine engineer’s direct in-
fluence on the electrical system is evident on each
vessel. The Army requires that all the military inven-
tory in its possession be maintained by configuration
control standards. This means that all equipment
will not be modified, added to, or altered in any
manner without the proper approval of appropriate
commands.

Phase-to-neutral, phase-to-phase, and three-
phase relationships were discussed earlier. A vessel
Is designed to accommodate electrical growth of
approximately 10 percent. When three-phase
equipment is added to the distribution system,
within the system’s capabilities, few problems are
encountered. The three-phase motor current draw
is distributed over all three generator armature
phases equally. There is no unbalanced condition.

However, if a single-phase device is added to
the distribution system, an additional electrical load
will be imposed on one phase of the generator’s
armature only. The lowered resistance, from
another resistance in dparallel, means that more cur-
rent will be delivered by the gienerator’s armature
phase that is involved. This also creates a voltage
drop due to the internal resistance within that genera-
tor phase and increases the inductive reactance
within that phase. This unbalances the generator. If
too many single-phase loads are added to the same
generator armature phase, overheating will occur.
Moreover, if three-phase equipment is improperly
replaced with a single-phase component, the entire
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generator overall three-phase current demand is
reduced and replaced by an equal current demand
on one phase alone. This is extremely detrimental to
the generator.

Generators function ade(iuately within certain
parameters of electrical imbalance. However, this
Is not for the marine engineer to determine. Any
chan?es must be submitted in writing through the
vessel maintenance office. Changes and additions to
the electrical ?stem, both approved and expedient,
must be logged in the engineering logbook indicating
the circuit, the phases involved, and the starting KVA
if the component is a motor.

Every time you turn on a blender in the galley,
turn your bunk lights off, or start the coffee pot,
a single-phase circurt has been individually changed.
These changes are considered and taken into
account when the distribution system is designed.
Improper component substitutions and un-
authorized additions and modifications have not
been considered in the design of the electrical system.

FREQUENCY

The frequency of a generator must never
change. If the frequency of the generator changes,
the speed of the motors and the contactor operation
will be adversely affected. Frequency is measured in
cycles per second or hertz. The equipment on board
Army vessels operates at a frequency of 60 hertz.
Frequency is concerned with how frequently the
rotor’s magnetic field sweeps past the armature
winding and induces a usable EMF. Each time a
north and south pair of poles rotates one complete
revolution, one cycle of AC is developed. If a rotor



with one north and one south pole, called a two-pole
machine, is revolved 60 times a second, it will
produce a frequency of 60 hertz (cycles per second).
Rotor revolutions, however, are not measured in
cycles per second They are measured in revolutions
per minute (RPM).

Prime mover speed is an important factor in
frequency. The other factor is generator construc-
tion. Generators are classified by the number of
poles. For example, a two-pole generator has one
pair of main field poles. A north and south pole
constitute a pair. They are connected to the rotor
shaft. A four-pole generator has two pairs of poles
on the rotor and two pairs of poles in each phase in
the armature.

The number of poles determines the speed the
prime mover must turn the rotor to maintain a fre-
quency of 60 hertz. A four-pole generator must have
a prime mover turn the rotor at 1,800 RPM to attain
a frequency of 60 hertz (cycles per second).

Frequency = (number of poles) x (RPM)
(2 poles per pair*) x (60 seconds per minute**)

Frequency = (4 poles) x (1,800 RPM)
(2 poles per pair*) x (60 seconds per minute**)

Frequency = 7,200
120

Frequency = 60 revolutions (or cycles) per second

*2 poles per pair is a constant used to account for the
requirement of two poles of one north and one south
polarity for each individual cycle of events.

*60 seconds per minute is a constant used to convert
events per minute to cycles per second.

Poles and Frequency Relationships

Table 14-2 lists some of the more common
speed and rotor pole relationships of the AC genera-
tor for 60 hertz operation.
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TABLE 14-2. Common Speed and Rotor Pole
Relationships.

NUMBER PRIME MOVER
OF SPEED
POLES (RPM)
2 3,600
4 1,800
6 1,200
8 900

Factors Affecting Frequency

When a large conductor motor is first started
(connected to the line), the resistance of the distribu-
tion system is reduced. This reduction in resistance
is because the loads in the distribution system are
connected in parallel (Rt is always less than the
smallest resistance in a parallel circuit). As distribu-
tion system resistance decreases, current from the
generator increases through the main armature
windings. This results in the following braking action
Within the generator:

e Large main armature currents react with
an increased main field magnetic flux
(initiated by the voltage regulator to main-
tain voltage as the high current moves
through the main armature windings to the load).

e Both strong magnetic fields, produced b
increased current flow through the wind-
ings, slow the rotation of the generator
shaft just as effectively as if a friction brake
is applied. A form of this, known as
electric braking, is commonly used in large
motors to bring rotation to a rapid halt.

o The magnetic braking effect makes genera-
tor rotation by the prime mover most dif-
ficult. To help the prime mover overcome
thisd difficulty, several components are
used:

—  The diesel governor maintains precise
engine speed control.

- The diesel flywheel has stored energy

which tends to keep the diesel moving
at the same speed.
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—  The damper windings are required for
all generators that operate in parallel.
These damper windings are short-
circuited bars embedded in the main
field (rotor) windings.

Damper Winding Construction

Figure 14-20 view A shows the damper wind-
ings. These windings are nothing more than metal
hars parallel to the rotor shaft (view B). The forward
ends of these bars are connected together by shorting
rings. The aft ends of these bars are connected in a
like manner. When the magnetic fields from the
main field and the main armature change in respect
to each other, an EMF is induced in the damper bars.
A resulting current flows, and a magnetic field is
established because the bars are short-circuited at
each end. The magnetic field that develops in the
damper windings is a result of any change in the
magnetic flux between the field and the armature
windings. The magnetic field in the damper windings
opposes the effects that created it.

Damper Winding Operation

When the rotor is turning at the required speed
and there is no change in the current demands on the
generator armature, then the rotor field, induced
armature field, and the damper windings all move
together. The two fields and the damper windings
are magnetically linked together. However, there is
no relative movement between them and no induced
EMF in the damper windings.

If the prime mover changes speed, resulting in
a speed _cha_ngie of the rotor, there is a change in the
magnetic field link between the rotor field, the
induced armature field, and the short-circuited
damper windings. This provides a relative motion
between the magnetic fields and the damper wind-
ings. A voltage 1s induced with a resulting current
flow in the damper windings. This current flow sets
up its own magnetic field. This magnetic field is
governed by the property of induction and Lenz’s
Law, which states, "An induced effect is always such
as to oppose the cause that produced it."

Wl
T

FIGURE 14-20. Damper Windings.
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This means that the speed decrease of the rotor
is opposed magnetically téy the damper windings.
The magnetic field of the damper Windin?s tries to
push the rotor along and maintain speed. It the rotor
would speed up, the induced EMF in the damper
windings would develop a magnetic field that would
oppose this sdpeed increase, slowing the rotor to its
original speed.

VOLTAGE VARIATIONS UNDER LOAD

When the generator is disconnected from the
electrical system, no load is applied. Then the ter-
minal voltage is exactly the same as the generated
voltage. There is no current flow without a complete
circuit.

When the electrical circuit is completed and
current flow is established in the armature, then
certain phenomena take place. This is called the
internal impedance of the generator. These factors
affect the terminal voltage of the generator.

Resistance of the Armature Conductors

This is the IR drop so often mentioned. As
current flows through the wire in the armature, it
encounters resistance. The resistance of copper
Increases as its temperature increases. Any time
current encounters resistance, a certain amount of
force is necessary to overcome this resistance. The
force that is used is voltage. Voltage is lost driving
current through the armature windings of the genera-
tor. Although this voltage drop is small because of
the small resistance encountered, the terminal volt-
age decreases as the current increases in response to
the electrical s?;stem demands. The higher the cur-
rent through the armature winding resistance, the
greater the voltage consumed.

Armature Reaction

This is the combined effects of the rotor's mag-
netic field and the field developed in the armature as
current is delivered to the electrical system. As long
as the generator is not supplying current to the
electrical system, the rotor’s field is distributed
evenly across the air gap to the main armature.

When the generator supplies inductive loads,
the current developed in the armature opposes the
rotor’s field and weakens it. This develops the
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lagging power factor and decreases terminal voltage.
This is extremely common to Army watercraft.

When current leads voltage out of the armature
conductors (because of capacitor banks and
synchronous motors), then a Ieadin% power factor

evelops. The armature current flow actually
strengthens the magnetic field across the air gap and
combines with the rotor field. This increases ter-
minal voltage.

Inductive Reactance

This is encountered when an EMF is induced
in a conductor. Induction produces a counter EMF.
The current moving through the conductor and the
magnetic fields cutting the adjacent turns of the con-
ductor are all that is necessary to produce an EMF
in the opposite direction. Inductive reactance in
the armature may be as great as 30 to 50 times
that of armature resistance. Two effects can be
encountered with inductive reactance:

o When the load current is in phase with the
terminal voltage or when the load current
lags the terminal voltage (due to inductive
reactance from motor loads), then addi-
tional voltage must be generated to over-
come the armature’s inductive reactance
(Figure 14-21).

INDUCTANCE

000~

©

LB

FIGURE 14-21. Lagging Power Factor
(More Voltage is Required).

o When the current leads the terminal volt-
age, as is the case with capacitors or
synchronous motors, then the inductive
reactance in the armature aids the
generated voltage. Less voltage must be
generated than when resistance was the
only consideration|(Figure 14-22]
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FIGURE 14-22. Leading Power Factor
(Less Voltage is Necessary).

VOLTAGE REGULATION

The voltage regulation of an AC generator is
the change of voltage from full load to no load,
expressed in percentage of full-load volts. This infor-
mation is necessary to determine how much change
]Eo I?)ipeét in the terminal voltage between no load and
ull load.

Percent regulation =
(no-load volts) - (full-load volts) x 100

(full-load volts)

Percent regulation = 465 volts - 450 volts x 100
450 volts

Percent regulation = 3.33 percent

EFFECTIVE ALTERNATING CURRENT
VALUES

Voltage and current are often expressed in
specific values. Alternating current changes not only
in direction, but in constantly changing amplitudes.
The value most commonly expressed is the genera-
tor's effective value.

For instance, the 450-volt AC generator
produces a 450-volt output with the same effect as the
450-volt DC generator. The effective value of the
voltage or current is computed as follows:

e Square the instantaneous values.

o Determine the mean average.

e Extract the square root.
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The effective value is also called the root mean
squared RMS?) value. Mathematically, it is deter-
mined to be a factor of .707 of the peak value.

POWER FACTOR

The DC generator output can be measured
easily in watts. To calculate DC power, multiply the
current by the voltage (review Power in Chapter 2).
Unlike DC, AC does not maintain a constant
amplitude. Further, the current and voltage are
influenced by the very nature of the reversing current
flow characterized by AC (Figure 14-23). To under-
stand how these circumstances affect the actual gen-
erator output, the actual values available at the
generator terminals must be understood.

100
80 0.7%\ - - - EFFECTIVE (RMS)
60 - = AVERAGE (AVG)
40
20 PEAK
0 TO
W PEAK
i [INSTANTANEOUS PEAK
& VALUE
Olx
0 |<C mad
o

FIGURE 14-23. AC Voltage and Current Values.

Inductance was discussed in|Chapter 6
Every motor, generator, and transformer has a coll
of wire called an inductor. By the very nature of
AC and its effects on the inductors in the circuit,
current often lags voltage. The average current lag
Is represented by a decimal known as the power
factor (PF). Unity power factor indicates that cur-
rent and voltage arrive together and are in phase
with each other. Unity power factor has a decimal
representation of 1.0.  Unity is the best use of
electrical power. This condition results when all
the power is consumed in the circuit. The ratio of
unity to current lag is approximately 80 percent or
8 PF.

~ The inductors in the motors actually become
their own miniature generators, inducing an EMF
that opposes a change in current.

The current from the generator must overcome
the resistance in the wires of the motor as well as



overcome this counter EMF. The extra current
developed by the generator, necessary to overcome
the CEMF, Is not consumed by the motor. It is
considered to be a shuttle power, existing in the
electrical system moving between the generator and
the motor. This condition also results between two
generators when they are improperly paralleled.

When AC is applied only to resistors, lights,
and heaters, all the power is consumed in the circuit.
The power consumed in the resistive AC circuit can
be computed the same as in the DC system. This is
the true power (or active power) that has been con-
sumed and is expressed in kilowatts (KW).

Figure 14-24 view A shows that the current and
voltage rise and fall together. Only when the peak
current and voltage are in phase Is the product of
voltage and amperage the same as the power con-
sumption of the load In watts.

W

—1
E —=

(o} 0

90° 180° 270° 360°

(A) Voltage and Current in Phase.

(B) Current Lags Voltage.

FIGURE 14-24. Voltage and Current.
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This situation is inconceivable on board a ves-
sel. The current held momentarily suspended in time
by the CEMF generated by the action of the inductive
coils cannot be successfully multiplied together to
determine the power consumption of the electrical
system. In view B, the current is delayed behind the
voltage. The apparent power (power that the genera-
tor apparently sees that must be added to compen-
sate) Is represented by kVA.

Power factor is the percentage of the true
power to apparent power or -

PF = KW (true power)
kVA (apparent power)

PF =125 KW
156 kVA

PF =.80

The electrical system must be designed to
operate on the apparent power of the system, not the
true power of the system. Apparent power is always
?reater than true power when there is a power factor
ess than 1.0 (unity).

The following are some additional formulas
that may be useful:

(Three-phase applications)

KW= (1.732) X EX | X PF
1,000

KVA = (L732) XE x|
1,000

HP=(1.732 x E x | x 100 x PF
746 X efficiency

RPM =2 x 60 x frequency
poles
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